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Contaminants such as organochlorines and
heavy metals are found in the Arctic environ-
ment as a result of long-range atmospheric
and oceanic transport and local mining activi-
ties (1). Potential health effects on indigenous
peoples are a concern because humans are at
the top ofthe food chain and some ofthese
pollutants are known to bioaccumulate (2,3).
Results ofpreliminarydietaryexposure assess-
ment and maternal cord blood monitoring
studies showed that some groups of indige-
nous people are exposed to high levels ofcon-
taminants such as toxaphene, polychlorinated
biphenyls (PCBs), chlordane, mercury, and
cadmium from the consumption oftradition-
al food (4-6). We have previously reported
the mean contaminant intake levels in an
Arctic Inuit community ofQikiqtarjuaq on
Baffin Island, Canada (6-8). The main pur-
pose ofthese studies was to identify the cont-
aminants ofconcern and their sources in the
diet. It is, however, more important for risk
assessors and risk managers that the distribu-
tion of exposure levels is characterized in
detail [intake] and the usual intake levels of
the high-end consumers are described. The
usual intake is defined by Beaton (9) as "the
average [daily] intake persisting overweeks or
months, not days." The major issues of the
number of overexposed individuals in the
population and the intake ofthe high-expo-
sure individuals stil remain unanswered.
Conducting dietary exposure assessment
in Arctic communities is a challenge because
of the variation of intake due to seasonal
availability of the food, family harvest vari-
ability, and large intrinsic variation ofconta-
minants in the food. The latter factor is
compounded by the limitation of sample
size due to logistic reasons. Based on similar
reasons, the use of statistical models for
exposure/risk assessment has been gaining
popularity in the last few years (10-12).
Statistical methods for estimating usual
exposure levels have been developed and
evaluated by various researchers (13-15).
However, there are no methods available
that are entirely appropriate for the condi-
tions ofour data set, a data setwhich is typ-
ical ofthose collected from Arctic commu-
nities (i.e., marked seasonal variation, no
more than one observation day per subject
per season, and many subjects with missing
data in many seasons). Therefore, an alter-
native, novel methodwas developed.
In this study, we present the develop-
ment of a methodology for estimating the
distribution of usual daily contaminant
intake. This method addresses the variation
ofintakes due to seasonal dietarypattern and
contaminant concentrations in traditional
food to arrive at an estimate of usual daily
contaminant intake. Using this methodolo-
gy, we reanalyzed the Qikiqtarjuaq data and
describe the population distribution of the
intakes of mercury, PCBs, toxaphene, and
chlordane.
To as filll an extent as possible, the mod-
eling, analyses, and presentation in this paper
follow the fourteen principles "ofgood prac-
tice for the use ofMonte Carlo Techniques"
oudinedbyBurmasterandAnderson (16).
Materials and Methods
Contaminant exposures were estimated
using three different methods, which we
will refer to as 1-day, Point, and Monte
Carlo estimates ofcontaminant intake. The
dietary and contaminant data set collected
between 1985 and 1988 in Qikiqtarjuaq,
on Baffin Island, Canada, was used for the
analyses. The methods used for the dietary
study have been reported and are briefly
described below:
Collection ofdietary data. Twenty-four
hour dietary recalls were conducted in
Qikiqtarjuaq (population in 1987 = 586).
Ninety adult females and 89 adult males
were interviewed at least once, and at most
six times, over a 1-year period. The number
ofdays ofdata in consecutive 2-month peri-
ods starting July 1987 and ending June
1988 are 59, 51, 32, 51, 50 and 58 (total =
301) for males, and 71, 64, 61, 69, 69, and
67 (total = 401) for females . The patterns
oftraditional food consumption in the com-
munityhave been previouslydescribed (-).
Measurement ofcontaminant levels in
traditionalfoods. Samples of 90 traditional
foods were collected in the forms normally
consumed (e.g., raw, aged, boiled) by
trained Inuit assistants. The samples were
stored at -20°C, brought to our lab in
Montreal, and analyzed using standard
methods, as described previously (7,8). A
data set containing mercury, chlordane,
toxaphene, and PCB concentrations in 100
food items was established (7,8).
One-day estimates. The 1-day estimates
of the intake of contaminant X (Cx) on
each observed person-day were calculated
as: Total Cx = EX(food. x cX), where the
intake offood1 (in grams per day) is known
from the dietary recall and the level ofcx in
food. (in micrograms per gram) is the cont-
aminant concentration measured. This is
the most straightforward method and will
provide an estimate ofthe average intake of
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a population if enough day-person records
are collected. This is the method used in
our previous studies (6-8).
Point estimates. To estimate the usual
annual intake ofa person, an ideal analysis
will use 2 or more days ofdietary data from
the person in each season, thus accounting
for daily and seasonal variance in contami-
nant intake. A potential solution would be
to take the individuals' average contami-
nant intakes over the six seasons. However,
in the data set, only 9 males and 29 females
had data available from all six seasons; thus
an alternative strategywas employed.
Contaminant intake varied by season
(e.g., mercury intake was highest in
September 1987 and lowest in January
1988); however, no systematic correlation
was observed between contaminant intake
ofindividuals in different seasons. Multiple
(matrix) correlation analyses were used to
study the relationships between the conta-
minant intake in each of the six seasons.
There were 120 correlations in total [cont-
aminants (four) x sexes (two) x number of
interseason comparisons (15)], but only 8
had a correlation coefficient with associated
p-value <0.05 (6 would be expected to have
a p-value <0.05 from chance alone).
Therefore, while it was important to weigh
each season equally in the estimation of
usual intake, each day ofintake in each sea-
son could be used as an independent data
point, not linked to intake by that individ-
ual in other seasons.
The intake of Cx was calculated as
above for the 1-day estimates: Total Cx=
X(food1 x cXi). Then usual daily intakes of
Cx over the entire year were estimated by
taking the average ofsix C - one random-
ly selected Cx per season (randomly select-
ed without replacement from the male or
female set). This process was repeated until
one season was exhausted [i.e., May 1988
with 32 (male) and 61 (female) days of
data]. Therefore, 32 (male) and 61 (female)
usual intakes could be calculated and the
distribution of these intakes estimated.
Because of the random differences that
would be generated by selecting different
random combinations from each season,
this process was repeated until the distribu-
tion ofdistributions was stable [i.e., 50 rep-
etitions; relative standard deviations (RSD)
were about 10%].
Monte Carlo estimates. The methodolo-
gy ofthe Point and 1-day estimates assumes
that the contaminant concentrations (cx)
are constant. In fact, contaminant concen-
trations in wildlife and fish parts vary
between individuals within a species.
Because the small sample size (usually one
or two measures ofcx per food), we cannot
accurately describe the distributions of cx
within each food. However, we have recent-
ly reviewed contaminant levels in the tradi-
tional food system across the Canadian
Arctic and showed that between animals
within a species, they are usually approxi-
mately lognormally distributed and with
relative standard deviations ofabout 100%
(17). Further support is garnered from
additional analyses (Derek Muir, personal
communication; Yukon Contaminants
Committee, personal communication) of
various metals and organochlorines in
Arctic wildlife. Using the distribution-fit-
ting software of Crystal Ball (Version 4.0,
Decisioneering, Inc., Boulder, CO), we
observed that lognormal distributions usu-
ally adequately describe the contaminant
levels, with the Kolmogorov-Smirnov statis-
tic for goodness-of-fit tests often less than
0.07 and usually less than 0.15. Although
other distributions (e.g., normal, gamma)
are better fitting in occasional situations,
there is no systematic method for determin-
ing apriori in which situations distributions
other than lognormal are more appropriate.
We decided that using a lognormal distrib-
ution for all contaminants in all foods is an
appropriate strategy until more refined data
prove otherwise.
Therefore, we assume our measured
level of c is the mean, the RSD is 100%,
and the distribution is lognormal. This dis-
tribution model was employed to generate
an estimate ofthe distribution ofintakes of
Cx. The method used was similar to the
Point method with the following differ-
ences. For each day of dietary data, Cx
intakes were calculated 100 times as Cx= =
(food. x c,), where the intake of food. is
known from the dietary recall and the level
ofCX in food. (in micrograms per gram) is
randomly selected (with replacement) from
the lognormal distribution (mean = cx;
RSD = 100%). One hundred repetitions
were the maximum required to achieve
consistent and stable distributions ofconta-
minant intakes; therefore, there were
between 3,200 and 5,900 days of data for
adult males and between 6,100 and 7,400
days ofdata for adult females for each sea-
son. As described for the Point estimate,
the usual intakes ofC. per day were esti-
mated by taking the average ofsix C, one
randomly selected C. per season. This
process was repeated until one season was
exhausted [i.e., May 1988 with 3,200
(male) and 6,100 (female) days ofdata].
Exposure levels of mercury, chlordane,
PCBs, and toxaphene from the consump-
tion oftraditional food were estimated using
the three methods described. The exposure
levels are compared to the guidelines estab-
lished by Health Canada (V. Jerome, per-
sonal communication). For ease ofcompari-
son, the exposure levels were expressed as
kilograms ofbody weight per day or week.
The daily intakes were calculated and then
divided by body weight (mean weight for
the appropriate sex-age group from a previ-
ous surveyofCanadian Inuit) (18).
Analyses were performed using SAS
(Version 6.11, SAS Institute Inc., Cary, NC).
Results
Levels ofexposure ofHg, PCBs, chlordane,
and toxaphene are presented in Tables 1
Table 1. Summary of distribution of intakes of mercury, polychlorinated biphenyls (PCBs), chlordane, and
toxaphene in Qikiqtarjuaq males
Contaminant Mean ± SD RSD (%) 50th percentile 95th percentile
Mercury(pg/kg/week)a
1-day 13 ± 18 138 7 50
Point 13 ±7 54 12 27
Monte Carlo 13 ± 10 77 11 33
PCBs(pg/kg/day)b
1-day 0.85 ± 1.82 200 0.3 3.6
Point 0.85 ± 0.74 78 0.6 2.5
Monte Carlo 0.84 ± 0.94 113 0.6 2.4
Chlordane (pg/kg/day)c
1-day 0.44 ± 1.2 273 0.06 2.1
Point 0.44 ± 0.42 95 0.30 1.5
Monte Carlo 0.44± 0.61 139 0.25 1.5
Toxaphene (pg/kg/day)d
1-day 1.2 ±3.6 300 0.05 8.1
Point 1.2± 1.1 92 0.65 3.9
Monte Carlo 1.1 ± 1.8 164 0.54 4.0
Abbreviations: SD, standard deviation; RSD, relative SD;TDI,tolerable daily intake.
The sample sizesforthe 1-day, Point, and Monte Carlo methods are 301, 32, and 3,200, respectively.
aProvisional tolerable weekly intake = 5 pg/kg/week.
bProvisional tolerable daily intake = 1 pg/kg/day.
cTDI = 0.05 pg/kg/day.
dTDI = 0.2 pg/kg/day.
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method and the Point method. Results
obtained from all three methods showed
that males had higher levels ofcontaminant
exposure than females. The average intake
levels of mercury, chlordane, and toxaphene
exceeded the guideline levels; provisional
Table 2. Summary of distribution of intakes of mercury, polychlorinated biphenyls (PCBs), chlordane, and
toxaphene in Qikiqtarjuaq females
Contaminant Mean ± SD RSD (%) 50th percentile 95th percentile
Mercury (pg/kg/week)8
1-day 11 ± 18 164 5 46
Point 11±8 73 10 25
Monte Carlo 11 ± 10 91 8 31
PCBs(pg/kg/day)b
1-day 0.62 ± 1.6 258 0.17 2.4
Point 0.62 ± 0.61 98 0.47 1.6
Monte Carlo 0.62 ± 0.82 132 0.40 1.8
Chlordane (pg/kg/day)c
1-day 0.32 ± 1 313 0.04 1.4
Point 0.32 ± 0.34 106 0.21 0.91
Monte Carlo 0.32 ± 0.57 178 0.18 1.0
Toxaphene (pg/kg/day)d
1-day 0.67 ± 2.2 328 0.04 4.2
Point 0.66 ± 0.86 130 0.34 2.1
Monte Carlo 0.65 ± 0.98 151 0.26 2.5
Abbreviations: SD, standard deviation; RSD, relative SD;TDI,tolerable daily intake.
The sample sizesforthe 1-day, Pointand Monte Carlo methods are 401, 61, and 6,100, respectively.
"Provisional tolerable weekly intake = 5 pg/kg/week.
bProvisional tolerable daily intake = 1 pg/kg/day.
cTDI = 0.05 pg/kg/day.
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Figure 1. Estimation of population distribution of intake of mercury, polychlorinated biphenyls (PCBs),
chlordane, and toxaphene for males using Bootstrap statistics. Arrows indicate provisional tolerable
weekly intake for mercury = 5 pg/kg/week; provisional tolerable daily intake for PCBs = 1 pg/kg/day; and
tolerable daily intakes for chlordane (0.05 pg/kg/day) and toxaphene (0.2 pg/kg/day).
tolerable weekly intake (PTWI) for total
mercury (0.05 pg/kg/week) established by
the World Health Organization (WHO)
(19), provisional tolerable daily intake
(PTDI) for PCB (1 pg/kg/day) established
by the Toxicological Evaluation Division of
Health Canada (V. Jerome, personal com-
munication), and tolerable daily intake
(TDI) for chlordane (0.05 pg/kg/day) and
toxaphene (0.2 g/kg/day) also established by
the Toxicological Evaluation Division of
Health Canada (personal communication).
The intake levels ofthe 50th percentile
and 95th percentile are also shown in
Tables 1 and 2. The 1-day method estima-
tions always give the lowest values for the
50th percentile and the highest for the 95th
percentile. Estimates obtained by the Point
and Monte Carlo methods were similar.
The median intake level obtained by the
Point and Monte Carlo methods exceeded
the guideline levels for Hg, chlordane, and
toxaphene for both males and females.
Population distributions ofthe contam-
inants using the Monte Carlo method are
shown in Figures 1 and 2. A sufficient
numbers of iterations (100) were run so
that a stable distribution was obtained (i.e.,
subsequent runs ofthe simulation will yield
values ± 1% of those presented here). The
guideline levels were also included in the
figures. It is apparent that a high proportion
of the population in the community had
intake of Hg, chlordane, and toxaphene
exceeding the guideline levels (Fig. 1, 2).
The percentages ofthe community exceed-
ing the guideline levels for all contaminants
obtained by the three different methods are
summarized in Table 3. Estimates obtained
by the 1-day method were consistently the
lowest, followed by those obtained by the
Monte Carlo method and then those by the
Point method. About 80% of the popula-
tion had intakes higher than the guideline
level of mercury, 20% had intakes higher
than the guideline for PCBs, 90% had
intakes higher than the guideline for chlor-
dane, and 70% had intakes higher than the
guideline for toxaphene.
It is also important to show the magni-
tude ofoverexposure among the high intake
groups. We calculate hazardous indices by
dividing the intake levels of the 95th per-
centile (from the Monte Carlo method) by
the guideline levels; the results are summa-
rized in Table 4. The high-end consumer
had consumption levels at about 6 times the
Hg guideline, about 2 times the PCB
guideline, 30 times the chlordane guidelines
and 20 times the toxaphene guideline.
Discussion
The mean levels of exposure estimated by
the three different methods are similar and
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(males) and 2 (females). There are no differ-
ences in the mean levels ofany of the four
contaminants using the 1-day, Point, and
Monte Carlo methods; however, the relative
standard deviation was highest for the 1-day
method, followed by the Monte Carlo
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comparable to those described in previous
reports (7,8). If only the mean exposure is
required, then the 1-day method is appro-
priate because it is the simplest and the
quickest method; however, the mean expo-
sure is often of minimal value (although it
is most often reported) because it does not
adequately communicate the intake distrib-
ution, hence, the risk to the high-end con-
sumer can not be evaluated.
Estimates obtained by the 1-day
method showed highest variability because
this method includes the day-to-day varia-
tions of the diet of the individual. For
example, about 25% of the dietary records
showed no intake of traditional foods and
thus no measured intake of contaminants
(lowering the 50th centiles). However,
when traditional food was consumed, it
often led to high single-day intakes ofcont-
aminants, showing higher 95th intake cen-
tiles. Both the Point and Monte Carlo
methods estimate the usual intakes and
reflect the reality that there are few, ifany,
people who have no traditional or a great
deal of traditional food on a regular basis.
Therefore, the distribution range is more
narrow, i.e., the 50th centile is higher and
the 95th is lower than the 1-day estimates.
From analysis of nutrient intake
(20-23), it is known that the population
distribution of a single day of data will be
more widely distributed than the usual
intakes. Except in cases ofacute exposure, it
is the usual intakes with which nutritionists
and toxicologists are concerned; therefore,
results generated from this method proba-
bly will not accurately represent the true
usual distribution of contaminant intake.
Nevertheless, it is included for comparison.
Estimation using the Monte Carlo
method also showed lower 50th percentile
levels and higher 95th percentile levels when
compared to those obtained by the Point
method; however, the differences are not as
great as the 1-day method. The increase in
variability is due to the incorporation ofthe
intrinsic variations ofthe contaminant levels
in the traditional foods by the Monte Carlo
method; thus, the Monte Carlo method
should be a better estimate ofthe true distri-
bution. The error (uncertainty) in our esti-
mates of the c distribution is unknown.
The method maies the assumption that the
dietary data adequately reflect the variation
in the intake, but the distribution of c in
the foods has to be estimated by modeling.
Three assumptions are made in the model:
1) our measured concentrations are the
means; 2) the RSD is 100%; and 3) the dis-
tribution is lognormal.
The Point estimates will of course have
the same error if the first assumption is
incorrect. Moreover, Beaton (24) has
shown that for dietary nutrient intake, if
the errors in the estimates of contaminant
concentration in each food are random and
many foods serve as a source ofthe nutrient
(analogous to contaminant), then the esti-
mates of total contaminant intake will not
be too far offthe true value (i.e., the under-
estimation ofcontaminant intake from one
food will, to a large extent, be balanced
with the overestimation of contaminant
intake from another food). Effects on the
population distribution by varying the RSD
were investigated. An example showing the
population distribution ofchlordane is used
to illustrate the effect ofvarying RSD from
50% to 150% (Fig. 3). The resulting varia-
tion ofthe 95th percentile estimates are less
than 10%. Finally, lognormal distributions
were observed for all four contaminants in
over 50 species of wildlife and fish (17).
Therefore, the use ofMonte Carlo methods
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Figure 2. Estimation of population distribution of intake of mercury, polychlorinated biphenyls (PCBs),
chlordane, and toxaphene for females using Monte Carlo statistics. Arrows indicate provisional tolerable
weekly intake for mercury = 5 pg/kg/week; provisional tolerable daily intake for polychlorinated biphenyls
(PCBs) = lpg/kg/day; and tolerable daily intakes for chlordane (0.05 pg/kg/day) and toxaphene (0.2
pg/kg/day).
Table 3. Percentage of community with intakes of mercury, PCBs, chlordane and toxaphene greater than
the guideline level
Males Females
Contaminant 1-day Point Monte Carlo 1-day Point Monte Carlo
Mercury 67 90 83 49 80 73
PCBs 21 27 26 15 16 15
Chlordane 52 93 91 47 89 85
Toxaphene 32 75 71 26 60 56
Table 4. Hazardous indexa showing the magnitude of overexposure to contaminants in traditional food
Contaminant Males Females
(safetyfactorin PTDI) 1-day Point Monte Carlo 1-day Point Monte Carlo
Mercury(1) 10 5 7 9 5 6
PCBs (100) 4 3 2 2 2 2
Chlordane (1000) 43 30 30 27 18 21
Toxaphene (1000) 40 20 20 21 11 12
Abbreviations: PTDI, provisional tolerable daily intake; PCBs, polychlorinated biphenyls.
aHazardous index is defined as (95th intake percentile)/tolerable daily intake.
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contaminant exposure in the Arctic where
both the dietary and contaminant data are
limited.
Chronic exposure of methylmercury
(MeHg) has been a major concern among
fish-eating populations including indigenous
communities in Canada. In the Inuit com-
munity thatwe studied, marine mammal tis-
sues are the main sources ofall four contami-
nants studied (Table 5). The PTWI for total
Hghas been set at 5 pg/kg/week ofwhich no
more than 3 jig/kg/week may be methylmer-
cury (19). Because MeHg levels in blood and
hair are commonly used as biomonitors for
human population studies, they are more
often used than dietary intake levels as
benchmarks for exposure and effects.
Therefore, using the following factors-
MeHg to total Hg = 0.9:1 (25); dietary
MeHg intake level:blood MeHg level = 1 jig
MeHg/day:0.8 ppb MeHg in blood (26);
hair MeHg level:MeHg blood = 300:1
(27)-the median MeHg levels in the popu-
lation can be calculated as 73 ppb in blood
and 22 ppm in hair and the 95th percentile
levels as 216 ppb in blood and 66 ppm in
hair. These calculated levels are comparable
with the levels measured among the Inuit
populations in the same geographical region
in 1971 (meanvalues between 10.5 and49.5
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Figure 3. Estimation of population distribution of
intake of toxaphene for female assuming that the
relative standard deviations of the distribution of
toxaphene concentrations in traditional food are
50, 100, and 150%.
Based on the Iraqi data, the WHO suggests
that there is a 5% risk ofneonatal neurologi-
cal disorders associated with a peak MeHg
level of 10-20 ppm in maternal hair (19).
Moreover, 5% of the adult population may
be at riskofdeveloping earlysigns ofHgtox-
icity (paraesthesia) at a blood Hglevel of200
ppb. Therefore, both dietary and biomoni-
toring studies indicate the potential problem
ofhigh Hg exposure in the Inuit population
in Northern Canada. Among indigenous
peoples in Canada, possible neurological
effects due to MeHg were reported in 11
individuals but, due to other confounding
factors, no definitive diagnosis ofMeHg poi-
soningcould be made (29).
Much less is known about the toxicity of
chlordane and toxaphene on humans. Both
chlordane and toxaphene are believed to
affect the nervous system and liver (30,31),
but the effects oflong-term chronic expo-
sure on humans are not known. Therefore,
the safety factors for the TDIs for these two
classes ofcompounds are set at 1,000. Our
results show that the 95th percentile intake
exceeded the TDI by 20-30 times, or the
safety factor is reduced to 30-50 from
1,000. The uncertainty ofhealth effects is
compounded by the unknown but possible
interactive effects ofcombinations ofconta-
minants. Since sources ofthe four contami-
nants studied were similar (Table 5), the
high intake group (95th percentile) would
probably have high exposure levels for all
four contaminants.
In summary, we have demonstrated that
Monte Carlo statistics are useful tools to
estimate the distribution of contaminant
exposure in anArctic community. Results of
the population distribution present a much
better picture on the magnitude of overex-
posure of Hg, chlordane, and toxaphene in
comparison to the guideline levels. A quan-
titative risk assessment on the public health
impact is required. Moreover, given the
known nutritional, economical, cultural,
and social importance oftraditional foods in
the Arctic Inuit community (32), a compre-
Table 5. The top three traditional food items contributing to contaminant exposure by Baffin Inuit women
>20 years old in Qikiqtarjuaq
Topthree food items
Contaminant 1st 2nd 3rd
Mercury Ringed seal meat Narwhal mattak Ringed seal liver
(41) (22) (12)
PCBs Walrus blubber Narwhal mattak Ringed seal blubber
(29) (16) (13)
Chlordane Walrus blubber Ringed seal blubber Narwhal blubber
(37) (16) (16)
Toxaphene Narwhal blubber Walrus blubber Narwhal mattak
(45) (23) (16)
PCBs, polychlorinated biphenyls.
Values in parentheses are contributions tototal exposure (%). Adapted from Kinloch et al. (6) and Chan et
al.(7).
hensive risk management scheme involving
the local people is also needed. Results of
this study were communicated to the com-
munity in September 1996. The Inuit pop-
ulations are aware of the situation and are
asking for more information in order to
make better informed choices.
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